Herein, the photophysical properties of an acridine derivative of a bis-N-heterocyclic carbene silver complex were investigated. The HOMO and LUMO energy differences between 9-[(N-methyl imidazol-2-ylidene)] 
Introduction
Silver metal complexes containing chromophore-tagged Nheterocyclic carbene (NHC) have attracted signicant attention in medicinal chemistry and materials chemistry.
1-11 Moreover, the silver-NHC complexes have been lately accredited as the building blocks of an effective antimicrobial agent to display phosphorescence emission. [12] [13] [14] [15] [16] [17] [18] [19] [20] Over the past few decades, numerous luminescent silver(I)-NHC complexes have been described. 21, 22 Thus, it is clear that the N-substituents at the NHC counter ion and the coordination environment of the silver(I) center can signicantly contribute to the photophysical properties of the silver(I)-NHC complexes. 23 However, due to their light-sensitive nature, the structural and photophysical studies of the silver(I)-NHCs are challenging.
17,21b,21g
Among several chromophoric sources, acridine has been recognized as one of the best chromophoric sources in organic luminous molecules and is known to have good biological properties.
1 However, only a limited number of NHC metal complexes of acridine have been reported to date. The combination of NHCs with acridine in a Ag(I) complex is anticipated to result in interesting photoelectronic properties. Gimeno et al. have reported the rst acridine chromophore-tagged NHCsilver complexes [(L)AgCl] 2 (I and II) and [{(L) 2 Ag}BF 4 ] (III and IV), where L ¼ {N-methyl(imidazol-2-ylidene)}acridine or {N-benzyl(imidazol-2-ylidene)}acridine, with blue-green emission properties in 2012 (Chart 1). 24 Subsequently, I was used as a precursor to isolate [(L)Au(S)], where S ¼ mercaptopyridine or 2,3,4,6-tetra-O-acetyl-1-thio-b-D-glucopyranose with luminescence, cytotoxic and biodistribution properties. 25 Later, {Ag[1-acridinyl-3-methylimidazoly-diene] 2 (PF 6 )} (V), {Ag[1-acridinyl-3-butylimidazoly-diene] 2 (PF 6 )CH 3 CN} (VI), {Ag[1-acridinyl-3-ethylimidazolydiene](PF 6 )} n (VII), and {Ag[1-acridinyl-3-benzylimidazoly-diene](PF 6 )} n (VIII) were isolated with uores-cence quenching effects (Chart 1). 26 Interestingly, VI, VII, and VIII demonstrated anti-bacterial activity against Acinetobacter baumannii and P. aeruginosa; thus, the known NHC acridine derivatives were derived by derivatization of only the 9 th position of acridine. In particular, acridine-tagged bis-NHC or the related chemistry was not explored until 2017.
The rst bis-NHC-acridine-supported metal derivative was reported in 2017. 27 4,5-Bis[(N-isopropylimidazol-2-ylidene) methyl]acridine palladium dibromide was obtained from the reaction between the pincer type [4,5- bis{(N-isopropylimidazolium)methyl}acridine] dibromide and Pd(OAc) 2 and utilized for the semi-hydrogenation of internal alkynes. 4,5-Bis[(N-isopropylimidazol-2-ylidene)methyl]acridine palladium dibromide was found to be highly active yet selective for the semi-hydrogenation of alkynes under mild conditions due to the presence of a non-coordinating acridine spacer. Notably, the photoluminescence role of the acridine chromophore attached with the bis-NHC metal derivative is not known. Thus, in this study, we report the structural and photophysical properties of 4,5-bis[(N-aryl-imidazol-2-ylidene)methyl]acridine silver(I) hexauorophosphate (2) . The photophysical properties of 2 were further investigated through theoretical analysis.
Results and discussion
Although the structural and photophysical properties of 9-[(Nalkyl or aryl imidazol-2-ylidene)]acridines are well known, [24] [25] [26] the structural and photophysical properties of 4,5-bis[(N-alkyl or aryl-imidazol-2-ylidene)methyl]acridine are still unclear.
Thus, DFT calculations were carried out at the B3LYP level to understand the HOMO and LUMO energy gap between 9-[(Nmethyl imidazol-2-ylidene)]acridine (IX) and 4,5-bis[(N-methylimidazol-2-ylidene)methyl]acridine (X). A comparison of the HOMO and LUMO of IX and X was carried out (see ESI †). About 0.48 eV increase in the HOMO and LUMO energy gap was observed from IX to X. Moreover, the HOMO orbitals are largely located on the NHC in X, whereas the HOMO orbitals are typically located on acridine in IX. However, in IX and X, the LUMO is predominately located on the acridine moiety. Therefore, we speculate that the emission property of the silver-NHCs derived from 4,5-bis[(N-alkyl-imidazol-2-ylidene)methyl]acridine-type ligand should be much different from that of the silver-NHCs of 9-[(N-alkyl imidazol-2-ylidene)]acridines.
The [4,5- bis{(N-isopropylimidazolium)methyl}acridine] hexauoro-phosphate ligand (1) was synthesized in good yield as previously described. 28 The reaction of 1 with Ag 2 O was carried out in the absence of light in an acetonitrile medium at 45 C that led to the formation of a stable silver-NHC complex This observation conrmed the successful formation of the desired silver complex through the deprotonation of the azolium salt. In the 1 H NMR spectrum, the aromatic protons appeared in the region of 8.19-7.64 ppm, and the singlet at 9.32 ppm belonged to the acridine proton. In the 13 C NMR spectrum, the carbene carbon attached with silver(I) appeared at 179 ppm, which conrmed that the complex was intact in methanol.
The solid-state structure of 2 was further conrmed by the single-crystal X-ray diffraction technique (Fig. 1) . The solid-state structure of 2 is reported in Fig. 1 along with the selected bond distances and angles. 2 is a mononuclear ionic solid. The cationic charge of Ag(I) is balanced by the hexauorophosphate anion. The Ag(I) center is coordinated by two NHC moieties in a quasi-linear mode with the C(1)-Ag(1)-C(4) angle of 177.80 (19) o . The C-Ag-C angle found in 2 falls within the range of the C-Ag-C angle found in III (173.62 (16) and VI (180.00 ). 26 The Ag-C bond distances found in 2 are comparable to those of I (2.091(3)Å), III (2.096(4)Å) 24 and known silver(I)-bis-carbene complexes.
The distance between the acridine nitrogen and silver(I) is 3.251Å. Thus, the position of acridine and the Ag-NHC plane are not suitable for the formation of a bond between the acridine nitrogen and the silver(I) center. However, as shown in the space lling model, the interaction between N(5) and Ag(I) cannot be ignored in solution (see ESI †). The acridine ring in 2 is nearly perpendicular to the NHC-Ag(I)-NHC plane. The two NHC ring systems and the silver(I) center are on the same plane. The molecular packing of 2 depicts that the cationic moieties are closely packed in the chair and inverted chair forms by stacking of the acridine moieties in a slightly sliding mode (see ESI †). The distance between two acridine moieties is 3.74Å, and the parameters are not in the range for establishing a strong pp interaction between two acridine moieties.
In addition, 2 shows inter and intra molecular P-F/H hydrogen bonding interactions between the phosphate anion and NHC-CH, ethyl CH and methyl CH. All the uoride ions in the phosphate anions are involved in hydrogen bonding. Thus, the hydrogen-bonded packing of 2 results in a closely packed three-dimensional framework (see ESI †).
Photophysical properties of 1 and 2
The photophysical properties of 1 and 2 were investigated in methanol as a solvent using UV-Vis absorption spectrophotometry, uorimetry, and time-correlated single photon counting techniques. The UV-Vis absorption spectra of 1 and 2 normalized at their longer wavelength absorption bands are shown in the Fig. 2 . Both 1 and 2 exhibit a similar two-band absorption spectrum, with a strong band around 255 nm and a weak band around 356 nm. Based on the TD-DFT calculations, 31-33 the 255 nm absorption can be assigned to the p / p* transition (vide infra). The longer wavelength absorption band for both 1 and 2 appeared at 356 nm similar to the absorption band of the acridine chromophore due to the p / p* transition. The molar extinction coefficients of 1 and 2 were calculated at 356 nm using the Beer-Lambert law and are shown in Fig. 3 
(i)-(iv).
When the absorbance of the analyte was plotted against its concentration, a straight line with an excellent correlation coefficient was obtained, as shown in Fig. 3 (ii) and (iv). The molar extinction coefficients of 1 and 2 were graphically calculated from the slopes of Fig. 3 (ii) and (iv) and found to be 9.9 Â 10 3 and 1.5 Â 10 4 M À1 cm À1 , respectively. Note that the molar extinction coefficient of 2 is higher than that of 1 and comparable to the molar extinction coefficient of acridine. 31, 34 Moreover, the molar extinction coefficients have been mathematically calculated using the Beer-Lambert law (see ESI, Table S1 †), and the values of 9.6 Â 10 3 and 1.5 Â 10 4 M À1 cm
À1
are obtained for 1 and 2, respectively, which are in excellent agreement with the values obtained by the graphical method. The methanolic solutions of 1 and 2 are colorless. However, they show blue luminescence under exposure to 365 nm UV radiation (see ESI †). Hence, the uorescence spectra were obtained for 1 and 2 in methanol by exciting them at 356 nm. Both 1 and 2 display similar uorescence spectra, as shown in the Fig. 4 (vide infra and see ESI †). A prominent peak is observed at 422 nm with a couple of shoulders appearing at 400 and 445 nm, which are in good agreement with the singlet-state emission spectrum of the neutral acridine molecule. 35, 36 Hence, the uorescent state should be (p, p)* in nature. Notably, the solid-state luminescence spectra of 1 and 2 are not comparable (see ESI †). The solid-state emission bands are largely red shifted. This difference in the behavior of the luminescence properties can be due to the extended p-p interactions present in these molecules in the solid state that are not present in solution. The corresponding uorescence quantum yields of 1 and 2 were calculated using a relative method according to the following equation:
where f is the uorescence quantum yield, I is the integrated area under the uorescence spectrum, A is the absorbance, n is the refractive index of the solvent, and the subscripts s and r stand for the sample and reference, respectively. The measured quantum yield of 1 is 4 AE 0.02, which is comparable to that of acridine (f ¼ 0.03 in methanol). 37 However, the quantum yield of 1 is slightly lowered when 1 forms a complex with silver. The uorescence quantum yield of 2 was measured to be 2 AE 0.1, which was close to that of acridine. Another similarity of 1 and 2 with acridine is their Stokes shi. Since the absorption and emission spectra of 1 and 2 resemble those of acridine, it is obvious that they will exhibit a similar Stokes shi. The Stokes shi of 1 and 2 were calculated to be the same, i.e., 4393 cm À1 , which was close to that of acridine.
38
To explore the type of excitation responsible for the observed emission at 422 nm, excitation spectra were obtained for 1 and 2 by xing the emission wavelength at 422 nm. The obtained excitation spectra were normalized at 356 nm and are shown in Fig. 4 . The excitation spectra of 1 and 2 match well with their corresponding absorption spectra. It was found that all the three excitations contributed to the overall emission observed for 1 and 2.
Furthermore, to obtain a clear image about the contribution of various excitations to the overall emission, we obtained the 2D contour spectra for 1 and 2, which are shown in Fig. 5 (top  and middle) . Herein, note that both 1 and 2 excellently obey the mirror image rule, as shown in the ESI, † i.e. the S 1 / S 0 transition of the emission spectra is typically the mirror image of the corresponding S 0 / S 1 transition of their absorption spectra. Hence, it is revealed that the electronic excitation of 1 and 2 does not signicantly change their nuclear geometry.
39
The Commission Internationale de l'Eclairage (CIE) chromaticity diagram facilitates the quantitative evaluation of the photoluminescence color, as shown in Fig. 5 (bottom) . Both 1 and 2 emit blue emission.
To explore the origin of the emission from 1 and 2, we measured their uorescence lifetimes using the TCSPC technique. The ligand 1 is best-tted to a bi-exponential function, whereas the complex 2 is tted to a tri-exponential function (see ESI †).
The Although the absorption spectra, emission spectra, and uo-rescence quantum yields of 1 and 2 are similar to those of acridine, the uorescence lifetimes of 1 and 2 are largely different from that of acridine. 31, 33, 34 Moreover, the uorescence decay pattern of 1 is quite different from that of 2. A new lifetime appears for 2, which supplements the complex formation between silver and 1. The parameters generated from the optical properties of 1 and 2 are summarized in Table 1 .
The DFT calculations were carried out at the B3LYP level of theory to gain further insights into the bonding situation in 2 (see ESI †). For silver, the Lanl2dz/def2svp/def2tzvp basis set was used, and for other elements, the 6-31G basis set was used. Herein, the important ndings of our theoretical study have been described. The calculated geometrical parameters of 2 are in good agreement with the experimental data obtained from Xray crystallography (see ESI, Table S3 †) .
The geometrical changes in 2 are determined by comparing the optimized geometries of [4,5- bis{(N-methyl imidazol-2-ylidene)methyl}acridine] (in its singlet ground state) (Me-1) and [4,5- 40 In the complex 2, the geometrical changes undergone by the NHC ring when it is bound to Ag + are signicant. For instance, the NHC rings are in the same plane in 2, whereas in i Pr-1, the NHC rings are twisted, as evident from the structure and the torsion angles. However, the changes involving the bond lengths and bond angles are very minimal. The N-C carbene -N angle in 2 is widened by about 3.0 , whereas the C-N bond length remains unchanged. Moreover, the TDDFT, TDDFT-CPCM and TDDFT-SMD calculations were carried out to corroborate our experimental results (see ESI †). The computed HOMO-LUMO energy gap is in Fig. 5 Top: the 2D contour spectrum of 1 in methanol (13.7 mM), Middle: the 2D contour spectrum of 2 in methanol (13.7 mM); and bottom: the CIE chromaticity diagram of 1 (star) and 2 (triangle) in the solution state. good agreement with the absorption spectrum of 2. A comparison of the HOMO-LUMO energy gap of 2 has been provided in the ESI. † The HOMO-LUMO energy gap for the free molecule is 0.13049 a.u., whereas in a solvent such as methanol, the energy difference is 0.13272 a.u. Note that in methanol, the energy of HOMO and LUMO has slightly increased. However, the energy difference between the HOMO and the LUMO is nearly the same (see ESI †). The calculations have predicted two absorptions for 2: a weak absorption at 391 nm (oscillator strength, f ¼ 0.0773) due to the transition between the HOMO(p) and the LUMO(p*) and a strong absorption at 241 nm (oscillator strength, f ¼ 0.9212) that can be attributed to the transition between the HOMOÀ3(p) and the LUMO(p*), the HOMO(p) and the LUMO+2(s*), the HOMOÀ2(n/p) and the LUMO+2(s*), or between the HOMOÀ1(n/p) and the LUMO+2(s*) orbitals (see ESI †). The acridine moiety in 2 contributes to the absorbance at 391 nm, whereas the acridine and imidazole moieties are mainly involved in the 241 nm absorption. Moreover, a signicant contribution (46.8%) of silver (HOMO) to acridine (LUMO) is observed at 241 nm, which may have merged with the predominant 241 nm transition (see ESI †). Therefore, it is clear that the contribution of various excitations to the overall emission must be considered as the excitation from the HOMO of acridine, silver and NHC to only the LUMO of the acridine moiety.
Experimental

Materials and methods
All starting materials, acridine, bromomethylmethylether, 1-isopropylimidazole, silver oxide (Ag 2 O) and potassium hexauorophosphate (KPF 6 ), were purchased from commercial suppliers and used as received. Solvents were of analytical grade and used without further purication except for acetonitrile, which was distilled over CaH 2 and degassed by N 2 . All reactions involving the synthesis of the metal complex were carried out in oven-or ame-dried glassware with a magnetic stirrer under aerobic conditions. The silver reaction was conducted in the absence of light. [4,5-Bis{(N-isopropylimidazolium)methyl} acridine] hexauorophosphate (1) was synthesized as reported. 28 The FTIR measurement (neat) was carried out using the Bruker Alpha-P Fourier transform spectrometer. The microanalyses of carbon, hydrogen and nitrogen were carried out using the Euro EA -CHNSO Elemental Analyzer. The NMR spectra were obtained using the Bruker Ultrashield-400 spectrometer at 25 C unless otherwise stated. Chemical shis are provided relative to TMS and have been referenced to the solvent resonances as internal standards. The crystal structure of 2 was analysed using the Oxford Xcalibur 2 diffractometer. Single crystals of the complexes suitable for the single-crystal X-ray analysis were obtained from the reaction mixtures of the complexes at room temperature. A suitable crystal of 2 was selected and mounted on the SuperNova (Dual, Cu at zero, Eos) diffractometer. The crystal was kept at 298 K during data collection. Using Olex2, 41 the structure was solved with the olex2.solve 42 structure solution program using Charge Flipping and rened with the olex2.rene 43 renement package using the Gauss-Newton minimisation. The absorption corrections were performed on the basis of multi-scans. The non-hydrogen atoms were anisotropically rened. The hydrogen atoms were included in the renement at the calculated positions riding on their carrier atoms. 2 provided a "B" level alert as low 'MainMol' Ueq as compared to the neighbors of C25. This may be considered as a false alarm for the terminal isopropyl methyl group.
The UV-Vis absorption spectra were obtained using a diode array single beam spectrophotometer, Agilent 8453. All the absorption spectra were baseline corrected prior to display. PL, excitation, and 3D contour spectra were obtained by the HORIBA JOBIN YVON Fluoromax 4P uorimeter. The uores-cence decay measurements were carried out using the timecorrelated single photon counting (TCSPC) technique with a 375 nm light-emitting diode (LED) as the excitation source. The TCSPC data analysis has been carried out by the soware provided by IBH (DAS-6), which is based on the reconvolution technique using the iterative non-linear least-squares methods. The quality of the t is normally identied by the reduced c 2 ,
weighed residuals, and the autocorrelation function of the residuals. The relative uorescence quantum yield (QY) was calculated by comparing the integrated PL intensities (excited at 355 nm) and the absorbance values of the samples at 355 nm with those of the reference quinine sulfate (purchased from Fluka). The known quantum yield of quinine sulfate is 0.543. All the calculations were conducted using the Gaussian 16 suite of the program. 44 The input les were generated using GaussView, Version 6. 45 The initial geometry of the acridine-NHC-silver complex was obtained from the X-ray crystal structure data. The complex was optimized at the HF and B3LYP level of the theories using different basis sets having effective core potentials (ECP). For silver, the Lanl2DZ, def2svp and def2tzvp basis sets were used, and for other elements, the 6-31G basis set was used. The geometry obtained at the B3LYP level of theory is found to be in good agreement with the experimental data. We also carried out the time-dependant density functional theory (TDDFT) calculations to obtain further insight into the photophysical properties of the complex. TDDFT was performed for the free molecule and also in different solvents. The polarizable continuum model (PCM) and SMD (solvation model based on density -a universal solvation model) were used for the solvation studies. The vibrational frequency calculations were carried out to ensure that the structure was minima on the potential energy surface.
Synthesis of 2
To a clear colorless solution of imidazolium salt 1 (0.36 g, 0.5 mmol) in acetonitrile (20 mL), silver(I) oxide (0.23 g, 1 mmol) was added followed by stirring at 45 C for 24 h in the absence of light. The reaction mixture was then ltered through a bed of celite to remove the unreacted silver oxide and other byproducts. The ltrate was concentrated to 50% of its volume. Subsequently, diethyl ether (50 mL) was added, and this resulted in the precipitation of an off-white amorphous solid. This solid was isolated by ltration, washed with fresh diethyl ether (3 Â 3 mL) and air dried. The obtained complex was puried by fractional precipitation using an acetonitrile and diethyl ether mixture to obtain an off-white solid, 2. 
Conclusion
In summary, an acridine moiety was incorporated into the Ag(I)-NHCs to obtain 2. We have theoretically compared the nature of the HOMO and LUMO energy differences between 9-[(N-methyl imidazol-2-ylidene)]acridine (IX) and 4,5-bis[(Nmethyl-imidazol-2-ylidene)methyl]acridine (X). Bis-carbene X depicted notable deviations in the HOMO and LUMO energy gaps as compared to the mono-carbene IX. Thus, bisimidazolium-tethered acridine ligand (1) was synthesized. Subsequently, we have synthesized a 4,5-bis NHC-tethered acridine silver(I) salt and reported its photophysical properties. The solid-state packing and space lling model of 2 show that the cationic moieties are closely packed without any p/p interaction between acridine ring systems. However, the intramolecular interaction between the acridine nitrogen and silver is close to the weak interaction zone. Moreover, the P-F/H type of inter-and intra-molecular hydrogen bonding interaction in 2 resulted in a closely packed three-dimensional framework. The homoleptic mononuclear silver(I) cationic solid 2 depicted blue emission from all the three excitations with good uorescence quantum yield. The uorescence lifetimes obtained using the time-correlated single photon counting technique have been demonstrated. Interestingly, the uorescence decay pattern and the uorescence lifetimes of the silver complex are largely different from those of the corresponding acridine imidazolium salt. Moreover, the spectral and structural features have been compared with the theoretical studies. The DFT calculations were carried out to understand the orbital contribution and bonding situation in 2. The calculated geometrical parameters of 2 are in good agreement with the experimental data obtained from X-ray crystallography. The calculated HOMO-LUMO energy gap for 2 is in good agreement with the absorption spectrum of 2. Exploration of the photophysical properties of other 4,5-bis NHC-tethered acridine metal derivatives is presently underway.
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